i
'
. ' i +
l ' ' :
' . '
'

ACCTDENT INVESTECATEON < ANALY S0 OF STRCRATT HO | AN

FROME SO BADAR BLCORDING,

o SO0

Wy b, '\:IH,','““'O'

et Ao Renemien Conton

SPMMARY

Ames Rescarch Contor, in cooperation with the N ional Transportat fon
Safety Board, has developed o technique 1o der iviap time hivtories ot an aia
craft's motion from Alr Trottiic Control (ATC podar reeordss This technique
uses the radar range and azimuth dota, « Long with the downlinked altitude dat.a
(from an onboard Mode-C transpender) 1o derive an expaaded set ot data vhich
includes airspeed, 1itt, thrust -draey atitade anples Apitoh, roll, and head
ing), etc. This technlque of analyefog aiverart wmot ions wvas recently evaluat od
through flight cxperiments whiteh used the CV=99(0 research afceratt and record-
ings from both the enroute and torminal AYC radar svatems.  The results indicate
that the values derived frowm tone ATC radar recovde are for the most part in pood
agreement with the correspondineg “alucs chtained from alrborne measurements,  In
an actual acctdent, this anatasio o ATC radar records an provide s impertant
source of data, both to comploment the tHivht=dat. recordersy aow onboard aic-
liners, and to provide 2 source of recorded Intorration tor other types ol aire
craft that arc equipped with Mode o travspemdors bot oet with onboard recorders,
The number of aircraft with Mode-¢ {rane. pondera fsoexpected ta prow to bhetveen
70 and 80 percent of the tolal Liaitod 50 iten sireratt 1leet Coivilian, comnmer-
cial, and militory) in the oo oo soctng baptying incrcased capabilities tor
the use of this analysis technioae,

VhNEREDVCTHGN

A valuable source of intorec ion tor use in analveing, aircrat acvident s
has been the flight=data recorder, iafroduced in 1958 0 cnboard United States air
carriers. More recentlv, an addit ionag ! souree of recorded data has becom
available to the fnvestipator thronh the introduction o roadar tecerding cap -
bilities at many of the ATU conter. freo, T, These Al recordings hve proven
useful, not only as an adait ionai data Lource in the Imestivation o aivlim

. accldents (refs. | oto 3V, but aleoy and possibie cbonea e fmportaneo, they
provide information for the anote cre o Loeidents imvolvine girratt whic b i
not have onboard data recorder s e, it s, et cheat, and voneral

i aviation).

Considering the current od cuto et etial o the e 0 0 voaadat
recordings in accident inve oo Cico, Ay Boo vt h Contos Co Bl conper ot oy
from the Natfonal Transport i oot Sod Vg g o o atien oo
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Foderal Aviation Agency Fleld Conters) has inltiared o veseareh propgram to
Investipgate advancod methods for the analvsis ol thin cevorded data, The
National Transportatlion Satety Beard and the afrline indusory have previco, |y
developed methods to determine gome of the basto alrevatt gquaint iti. o, 5ol as
posttion and veloelty (ret, 1)y The work at Awcs Boseancl Conter has been
atmed primaviily at deviving an expinded set of data which ineludes both the
short=period quantitien (Forcen and attitade anples) an o veld oo e Tonp=period
quantitles (poaition and veloelty),

This paper reviews the analvals teehmiquen which bave bheen developed and
t1lustrates thelr application to CV=990 cxperlmental tHipht test data.  An
cxample Is also fneluded to tHlastrate thedr application to actual e fdent
recordlupgs,  The current Himitations and tutwre potentiol 1o the voe o ATe
recordings in acceldent fnvestipation are discussod,

ATC RADAR RECORDINGS

ATC radar records can be analveed in various wavs to aid an accident Inves-
tigation., For example, radar records can be used to derive o time-history
reconstruction of the afrceratt position with respert to the airvave, landing
fields, ground obstructions, and other afveratft. o this veport, radar position
data, along with the altitude data (from an onboard Mode-C transponderd), are
used to provide a time-history reconstruction of the alveratt denamic motions,
These derived motion data can be used to complement the tlizht=data recordings
onboard airliners and provide a source of recorded information tor other air-
craft that are cquipped with Mode-C transpnudura! (tips 1 but not with tlight
recorders.

Current ATC radar systems use transponder beacen replics as a weans of
determining the position for cach target aircraft undor surveillance,  The
transponder replies are resolved into range and azimath at cach radar ite. For
those alrcraft equipped with Mode-0 transponders, pressure altitade is alsoe
transmitted to the ground,  These raw data are transtormed into space coor-
dinates (x, v, h) at intervals corresponding to the radar antenn. rotat ional
rate, nominally a 5- to 12-see futerval, dependime upon the tvpe of radar svater,

There are primarily two tvpes ot ATC radar svstems Criv, 2 that can
record these raw data.  The Automated Rad o Terminal Scootem CARTS 11Ty Tocated
at 61 of the wmajor terminals, provides tecordod roadoer Gty ot antercals o about
5 vees The Rational Alrspace Svstem (NAS Stace A, Tocated ot the 20 enrtoute
centers, provides vecorded radar data at intervals ot abouat 10 seces ihe tollog-
ing analysis technigques, aod later examples, consider dat o trom both the o
systems.

Lror atreraft not vguippoed with Mode-Cy only 0 o redar data e o anva -
able, thus limiting the ettectivencss ot the three=divcensional motion analoia
repott vd herein,
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ANALYS TS METHOD

The technique used to determine the alrervalt motions involves smoothing of
the raw radar data.  These smoothed results, in combination with other available
information (wind profiles and ailreraft performance data), are used to derive
the expanded set of data (fig. 3).

Several types of smoothing techniques (e.g., least squares, Kalman filter/
smoothers, ete.) are currently under cevaluation at Ames.  The smoothing tech-
nique used for the results in this report is based on a cubic least-square fit
to the recorded raw data (ref. 4). This moving-arc procedure provides a
smoothed time history of the aircraft position (x, ¥y, h), the inertial veloci-
ties (%, y, h) and accclerations (X, y, ). A transformation of the inertial
velocities provides a direct calculation of the ground speed, the track angle,
and the flight-path angle. Using the known winds '(usually recorded twice a day
at lo~al weather stations), thesc inertial data are transformed to the aircraft
stability axes to provide true airspeed, the component of force along the air-
speed vector (thrust-drag), the component of force normal to the airspeed vector
(1ift), and ti.e orientation of the total force vector (roll angle). The derived
quantities which have been discussed so far are ajrcraft independent. Further
derivations, based on aircraft dependent performance data, can determine the
aircraft angle of attack, which is used in a transformation from the stability
axes to derive the pitch and heading angles.

Thus, time histories can be derived of altitude, airspeed, attitude angles
(pitch, roll, and heading), and acceleration forces (lift, thrust-drag). The
accuracy of the derived information, however, will depend on sceveral factors,
such as the aircraft speed, the type of maneuvers being performed, the distance
from the radar site, wind uncertainties, aircraft performance uncertainties,
etc. The following examples illustrate the accuracy of the technique.

CV-990 FLIGHT-TEST EXPERIMENTS

In these experiments (tig. 4), the quantities derived from ATC radar
records are compared with the actual values measured by the instrumentation sys-
tem onboard the CV-990 aircraft. Figures 5 and 6 show representative compari-
sons of the radar-derived data (dotted lines) with the corresponding onboard
measurements (solid lines). Measurements included afr data (altitude and air-
speed), accelerometer (lift and thrust-drag) and inertial platform (pitch, roll,
and heading angles) time histories.

The experimental results presented in tigure 5 were derived from ARTS T11
radar records obtained during CV-990 flight operations at the Los Angeles
torminal. These records include a landing approach to about 60 m above the
runway, followed by a go-around and a 180° turn. These radar data were recorded
once cach 4.7 sec.

The experimental results in figure 6 were derived {rom NAS Stage A (Vakland
Center) radar records of the V=990 descending into the Stockton, California
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alrport. These records, obtalned during normal flight operations, begin from a
cruise condition at an altitude of about 10 km, followed by routine trim changes
and descending turns down to an altitude of about 3 km. These radar data were
recorded once each 12 scc.

The accuracy of the quantities derived from both radar systems have the
same general trends. There is poor accuracy in some of the quantities derived
during rapid orientation changes of the aircraft; however, there is relatively
good accuracy in most of the quantities derived during the steadier portions of
flight.

The errors that occur during rapid orientation change are found primarily
in the values of 1lift, pitch, and roll angle. Rapid changes in these variables
can go undetected because of the large time span (4.7 to 12 sec) between the
radar records.

During the steadier portion of the flight (e.g., steady turns, ascent,
descent, etc.), most of the derived data are obtained with remarkably good
accuracy. These radar-derived data are generally of sufficient accuracy to
provide important information in the analysis of aircraft accidents. One
representative application in an accident analysis is illustrated next.

APPLICATION WITH ACTUAL ACCIDENT RECORDS

This example is based on ATC radar data available from an airliner accident
near Thiells, New York, on December 1, 1974, This aircraft, on a climbout from
JFK, stalled at an altitude of about 8 km and entered an uncontrolled, spiral-
ling descent into the ground. The stall was precipitated by an erroneous air-
speed indication which had resulted from blockage of the pitot heads by atmo-
spheric icing (ref. 5).

Radar data were available during the climbout, stall, and the initial por-
tion of the uncontrolled, spiralling descent. Only limited radar data were
available during the later stages of descent, below about 6 km, b~cause of
intermittent transponder returns. A derived time history of the aircraft
motions is presented in figure 7 (dotted lines). Also shown for comparison are
the four quantities (altitude, airspeed, normal force, and heading) available
from the onboard foil-type flight recorder. )

The comparison of the radar-derived airspeed with the onboard airspeed
measurement clearly shows the time at which the pitot head became blocked with
ice. Beyond that time, the radar-derived data indicate a decreasing airspeed
that reached a minimum near the stall and then increased during the descent.
The values of normal force derived from the radar data generally agree with the
onboard measurement, except that the radar data cannot reproduce the short-term
peak excursions which are actually experienced by the aircraft. The values of
pitch angle derived from the radar data indicate a maximum angle of about 27°
during stall, followed by values as steep as -25° during the initial portion of
descent. The values of vroll and heading angles derived from the radar ¢ ' .a
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indicate the polat at which wing drop occurred and the alreraft started into
the spiralling Jdescent,

CURRENT LIMUTATTONS AND FUTURE TRENDS

The preceding examples (Lips, 5 to 7) have illustrated the capability of
deriving time histories of the aircraft motions from ATC radar recordings. How-
ever, the cxperience gained through analyzing the CV-990 data and through
applications to aceident investigations indicates certain limitations in the use
of ATC radar recordings tor the analysis of aircraft dynamics. As noted
earlier, the slow data rate from radar recordings precludes the determination of
rapid orientation changes of the aireraft. Radar data also may have voids (no
transponder returns) during some extreme, uncontrolled maneuvers, such as
spiralling descents. Also, current ATC radar recordings do not provide coverage
of all aircraft operations, For instunce, radar coverage generally does not
extend to the ground level (for ground roll, liftoff, touchdown, etc.) and may
not be available in remote arcas.

In spite of these limitations, ATC radar records can provide an important
source of data, both to complement the flight-data recorders onboard airliners
and to provide a source of rec..rded information for other types of aircraft not
equipped with onboard recorders. At the present time, only about 1.5 percent of
the total aircrait in the United States have onboard flight-data recorders;
whereas, about 30 percent have Mode~C transponders. The number of aircraft with
Mode-C transponders is cexpected to grow to between 70 and 80 percent of the
total aircraft fleet in the next few years (ref. 6). Because of this rapidly
increasing number of aircraft with Mode-C transponders (fig. 1), the number of
flight operations which can be analyzed by ATC recordings is steadily growing.

A look into the future also indicates that several features of the Upgraded
Third Generation ATC System (refs. 6 to 8), which is now undergoing evaluation
by the Federal Aviation Agency, may case some of the limitations noted above and
could provide additional sources of data for use in accident investigations
(fig. 8). TFor instance, the advanced transponders could provide increased
accuracy and increasce the number of downlinked quantities. The proposed termi-
nal surveillance systems could extend coverage to the ground and provide
increased accuracy and higher data rates. The proposed space satellite ATC
systems could provide coverage over the ocean and eventually provide worldwide
coverage. These future trends of increased coverage, better accuracy, higher
data rates, and an increased number of downlinked quantities, along with the
growing number of alrcraft with transponders, imply increasing capabilities for
the use of ATC records in aceident investigation,

CONCLUDING REMARKS

This paper has presented some results based on a technique for deriving
time histories of additional aireraft states from ATC radar records of x and y
position and altitude, This technique smooths the raw radar data and, using
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other avallable information (wind profiles and aircraft performance), derives
an cexpanded set of data which Includes airspeed, 11ft, thrust-drag, pitch, roll,
and heading angles, ete.

Applications in this paper illustrate that the largest errors in the
derived data occur during rapid orientation changes of the aircraft. For the
steadier portions of flight (ascent, descent, turns, ectc.) the derived quanti-
ties are generally of sufficient accuracy to provide important information in
the analysis of aircraft accidents.

REFERENCES

1. Miller, C. 0.; and Laynor, W. G.: Use of ARTS-IIT in Aircraft Accident
Investigation. Presented at Air Traffic Control Association Annual
Meeting, Miami, Florida, Oct. 16, 1973.

2. Anderson, C. M.: Civil Aircraft Accident Analysis in the United States,
Presented at AGARD Symposium on Aircraft Operational Experience and Its
Impact on Safety and Surveilability, Sadefjord, Norway, May 31-.lune 3,
197e6.

3. Aircraft Accident Report - UAL at Midway Airport, Chicago, Illinois, Dec. 8,
1972. NTSB-AAR-73-16, Aug. 29, 1973.

4. Handbook of Data Reduction Methods. White Sands Technical Report, Aug. 1964,

5. Aircraft Accident Report - Northwest Airlines Near Thiells, New York,
Dec. 7, 1974. NTSB-AAR-75-13, Aug. 13, 1975.

6. Hoffman, W. C.; and Hollister, W. M.: TForecast of the General Aviation Air
Traffic Control Environment for the 1980's. NASA CR-137909, 1976.

7. An Overview and Assessment of Plans and Programs for the Development of the
Upgraded Third Generation Air Traific Control System. FAA-EM-75-5,
March 1975,

8. Plans and Developments for Air Traffic Systems. AGARD CP-188, Feb. 1976,

184




FLIGHT
DATA
RECORDER

100

PERCENT
OF TOTAL 650
AIRCRAFT

MODE-C
TRANSPONDER ATC
RECORDING
MODE-C
TRANSPONDER
~ FLIGHT
DATA
RECORDER

80
YEAR

75 86

Figuie 1.~ Two sources of accident recordings.

ENROUTE TERMINAL
COVERAGE CONTINENTAL USA | 61 MAJOR AIRPORTS
RADAR SYSTEM | NAS STAGE A ARTS i1
TIME BETWEEN < 12 sec < B sac
DATA POINTS
Figure 2.- ATC radar recording capabilities.
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Figure 3.~ Data expansion from ATC radar recordings.
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Figure 4.- Evaluation of radar derived data using CV-990 measurements

as a standard for comparison.
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Figure 5.~ ARTS III radar derived data compared with (V-9v0 measurements.
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UPGRADED 3RD GENERATION
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Figure 8.- Future trend in ATC systems.
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